1] We constructed a model to analyze the interactions between land-use change and atmospheric CO 2 during the recent past and for the future. The primary impact of the conversion of forested lands to cultivated lands is to increase atmospheric CO 2 , via losses of biomass and soil carbon to the atmosphere. This increase is likely to continue in the next decades, but its magnitude can vary according to each land-use scenario. We show that this first-order effect is further amplified by the correlated diminution of terrestrial sinks, because when croplands replace forests, the turnover time of excess carbon in the biosphere decreases, and hence the sink capacity of terrestrial ecosystems decreases. This effect acts to further increase by up to 100 ppm the CO 2 level reached by 2100, and it is of the same order of magnitude, although smaller, than climate-carbon feedbacks. Uncertainties on the magnitude of this land-use induced effect are large, because of uncertainties in the sink role of terrestrial ecosystems in the future and because of uncertainties inherent to the modeling of land-use induced carbon emissions. Such an extra rise in atmospheric CO 2 is however partially offset by the ocean reservoir and by sinks operating over undisturbed, pristine ecosystems, suggesting that conserving pristine forests with long turnover times might be efficient in mitigating the greenhouse effect. INDEX TERMS: 0315 Atmospheric Composition and Structure: Biosphere/atmosphere interactions; 1615 Global Change: Biogeochemical processes (4805); 0322 Atmospheric Composition and Structure: Constituent sources and sinks; KEYWORDS: land-use change, carbon cycle, future scenarios Citation: Gitz, V., and P. Ciais, Amplifying effects of land-use change on future atmospheric CO 2 levels, Global Biogeochem.
Introduction
[2] Land-use and land cover changes have been recognized to be responsible for a substantial part of anthropogenic greenhouse gases releases to the atmosphere. Of particular importance here is quantifying the impact of land-use changes on global atmospheric CO 2 levels both over the recent past and in the future. To do so, we have to examine how carbon flows between the different terrestrial pools when an ecosystem is disturbed in response to land-use activities. We also need to determine what is the fate of CO 2 emitted via land-use changes, in particular what fraction of it gets reabsorbed by the ocean, by undisturbed ecosystems, and remains in the atmosphere. Land-use changes have a myriad of socio-economic, and regional climatic impacts but we are only concerned here by their consequences on the perturbation of the carbon cycle. In contrast to fossil fuel emissions which are inventoried by energy statistics with an accuracy of about 10%, today's estimates of land-use induced carbon fluxes to the atmosphere are subject to large uncertainties [Houghton et al., 2000] . First, there is an uncertainty on the area extent of land-use and land cover changes [Houghton, 1999; Skole and Tucker, 1993] . Second, there is an uncertainty in the amount of carbon that follows conversion from an ecosystem type to another, both for the amount of biomass that is released to the atmosphere as CO 2 during the conversion, but also for the delayed fluxes that follow the disturbance. This latter flux is associated to time constants of several years: When a forest is converted to cropland, for instance, carbon in the former forest soils gets released to atmosphere within on average 10 to 30 years [Trumbore et al., 1995] . There is an even larger uncertainty on future projections of land-use induced CO 2 fluxes using models, because one has to first estimate the areas of loss or regrowth of ecosystems, and from there to compute the CO 2 losses to the atmosphere.
[3] Recent modeling studies using GCMs have highlighted positive carbon-climate feedbacks in the future, which result in an additionally higher CO 2 level by 80 to 200 ppm by 2100 in response to greenhouse warming [Friedlingstein et al., 2001; Dufresne et al., 2002; Cox et al., 2000] . Yet, those studies, as well as the current IPCC projections have treated land-use induced carbon fluxes identically as fossil fuel emissions, that is CO 2 is emitted from an inert reservoir into the atmosphere. Further, in the above studies, the vegetation cover was either assumed constant through time [Dufresne et al., 2002] or evolving in response to climate [Cox et al., 2000] , but not in response to land-use. In reality, land-use consisting mainly of forest to cropland or forest to pasture conversion shortens the turnover of carbon above and below ground, and thus acts to reduce the sink capacity of the biosphere. Thus one may anticipate that coupling land-use emissions with a global carbon cycle description will yield to amplify future CO 2 levels as compared to the case where the global vegetation is considered as undisturbed.
[4] The aim of this paper is to quantify the impacts of past and future land-use changes on atmospheric CO 2 and on the associated changes in oceanic and biospheric pools. We constructed a model of the global carbon cycle, where land ecosystems and the ocean are treated in a simplified, aggregated manner, as in former studies [Schimel et al., 1996; Enting et al., 1994; Wigley, 1997] . The parameterization of the biosphere was derived from a more complex, spatially resolved model. The main originality of our model is that it calculates at each time step the flow of carbon within ecosystems following land-use disturbances, as well as the release of CO 2 into the atmosphere and its further redistribution between ocean, land and the atmosphere. Therefore, the model offers a description of the coupling between land-use changes and the global carbon cycle.
[5] We investigate the fact that deforestation causes a direct and indirect increase in atmospheric CO 2 levels, but that it may also enhance CO 2 absorption by ''pristine,'' undisturbed forests, as well as by the ocean. Both effects are of opposite direction, but of different magnitudes. In the following, we provide a short description of our global carbon cycle model, and of its land-use flux module. We next force the model with prescribed fossil emissions and land-use area changes to compute the atmospheric CO 2 increase between 1700 and the present, which is compared with the observed rise. Finally, we compute future CO 2 trajectories for the four marker scenarios of the IPCC, and evaluate the impacts of land-use changes on the atmospheric CO 2 levels by 2100. A number of sensitivity tests are performed to the model key parameters, to draw some more general conclusions.
Methods

Carbon-Cycle Model Description
[6] Our global carbon cycle model consists of a reducedform ocean model to quantify the ocean-atmosphere CO 2 exchange and of a terrestrial carbon cycle model to account for the fluxes between land and atmosphere. The terrestrial cycle integrates a detailed land-use module that allow for conversions of biomes, and calculates both the land-use related net CO 2 emissions following anthropogenic disturbances as well as the terrestrial uptakes over the remaining undisturbed ecosystems at each time step.
Ocean-Atmosphere Exchange
[7] We used mixed-layer ocean pulse response functions to represent the ocean-atmosphere exchange . The entire reduced form ocean model is described in Appendix A. We checked that our ocean model, for any given stabilization scenario, gives exactly the same results as the calculations of F. Joos (available at www.climate. unibe.ch).
Land Cover Map
[8] The global land cover in our model is based on a simplified vegetation map, which is regionalized into four world regions as defined by the Intergovernmental Panel of Climate Change Third Assessment Report (IPCC-TAR), and shown in Figure 1 : OECD-1990 (North America, Europe, Japan and Australia), REF (Former Soviet Union and Eastern Europe), ASIA, ALM (Africa, Latin America and Middle East). In each region, six natural biomes are defined, plus three crop types (boreal, temperate, tropical) and cohorts of lands in transition between two biomes. Icy and hot desert were excluded. For each region, a biome has separate biophysical characteristics and it is assigned one surface area in the model. The regional preindustrial area extent of each biome is specified from the vegetation distribution used in the CASA-SLAVE biospheric model [Friedlingstein, 1995; Friedlingstein et al., 1995] , which served to parameter the terrestrial carbon cycle of our aggregated model.
Terrestrial Cycle
[9] On each biome j of each region k, of area s j,k , we define a living vegetation reservoir, or biomass, B j,k (t) and a soil carbon reservoir S j,k (t). When there is no land-use change, the evolution of the biomass on a 1-year time step is given by
where the biomass mortality is assumed to be a constant fraction m j,k of standing biomass and the net primary productivity h j,k is defined as a function of the atmospheric CO 2 concentration C(t),
When no land-use change happens, the dynamics of soil carbon is given by the following equation, where heterotrophic respiration is defined as a fraction of the soil carbon pool:
In this study, temperature variations are not considered. Because we aim to evaluate individually the role of landuse, we assumed constant climate for simplicity, thus ignoring the response of heterotrophic respiration and NPP to temperature [Cao and Woodward, 1998; Cramer et al., 2001 ].
[10] Three key parameters in our model, net primary productivity, biomass mortality and specific respiration rate, are derived, for each biome and region, from the spatially explicit CASA-SLAVE model. Those quantities are simply averaged from the CASA-SLAVE grid point values weighted by the area of each biome in each grid point.
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We compared the preindustrial equilibrium stocks of our model to the CASA-SLAVE results (Appendix B). Overall, the aggregated model and the original CASA-SLAVE stocks agree with each other within better than 10% for each region and within 5% for global stocks. The largest relative difference (25%) between our model and CASA-SLAVE is obtained for the biomass of temperate grasslands and tundra, which nevertheless represents a very small pool. In terms of equilibrium fluxes, we calculated a global net primary productivity of 58 GtC/yr, very close to the one of CASA-SLAVE (61 GtC/yr). Despite its strong level of aggregation, given the equilibrium values in both models (Table 1) , we are confident that our model is capable to compute changes in terrestrial pools that are comparable to the ones obtained with the more realistic and sophisticated CASA-SLAVE model.
Land-Use Module Description
[11] Each year, inside each region, deforestation causes an increase in crop area with time that is prescribed after Houghton and Hackler [2001] for the historical period. Conversion from forest to pasture is not included in our analysis, which likely implies an underestimate of our landuse source, especially in the tropics. We decided not to include this conversion type because of uncertainties on the fate of carbon in pastures linked to management issues (fodder grasses, animal load, pasture abandonment) that are difficult to address at our aggregated level. Also, future land-use change scenarios (see below) do not provide the conversion of forest to pasture. We made a test including conversion of forests to pastures as in the work by Houghton and Hackler [2001] over the historical period and obtained a global land-use emission that can be up to 30% higher than the one in Figure 2a .
[12] Conversely, agricultural abandonment reduces the grasslands area in favor of new forests. The land-use model is hence forced with annual area change data per biome and region. For the historical period, data published by Houghton and Hackler [2001] were lumped into our reduced biomes and regions definitions according to Table 1 . We retained six major land-use transitions per region, encompassing forest to cropland conversion (deforestation) and grassland to forest conversion (afforestation), as shown in Table 1b . Logging [13] The structure of our land-use module is similar to that of Houghton [1999] (that is, a book-keeping model that keeps track of ecosystems affected by land-use change) as well as carbon stocks and fluxes associated with them: This is done by defining cohorts of increasing age classes after each type of disturbance, up until some new ''carbon equilibrium'' is reached long after conversion (permanent crop or undisturbed forests). Here ''carbon equilibrium'' means zero net carbon flux in the absence of fertilization both in the vegetation and the soils. Details of this calculation are given in Appendix C.
[14] Following a forest conversion, a fraction of the standing biomass is lost to the atmosphere within 1 year, whereas the remaining harvested wood products are directed into two different reservoirs: a middle term reservoir of 10-year linear decay time and a long-term reservoir of 100year linear decay time. The repartition coefficient varies with forest biomes and regions according to the specification given by Houghton and Hackler [2001] . Typically, after forest clearing, about 30% of the biomass goes into wood products pools.
[15] A newly converted land is assigned the specific NPP, mortality and heterotrophic respiration rates of the corresponding new biome. Eventually these values are different for transition cohorts according to their age. Net Primary Productivity of croplands was assigned the world average value determined by [Goudriaan et al., 2001] from agricultural statistics (334 g/m 2 /yr). We assumed that 70% of the annual crop biomass production is oxidized in the following year (harvest), and that the remaining 30% is delivered to the soil as litterfall.
[16] The soil respiration rates d j,k for croplands ''active''soil pools was set equal to those of grasslands. According to equation (3) this quantity is the inverse of the turnover time of carbon in the soils. This gives a reasonable value of d j,k À1 for the crops, on the order of 10-20 years, in agreement with literature numbers [Balesdent and Recous, 1997; Balesdent and Mariotti, 1996; Harrison et al., 1993] .
Validation of the Model 2.2.1. Land-Use Module Validation
[17] Over the historical period, we compare in Figure 2 the Houghton land-use flux with our model response forced with land-use area changes at constant CO 2 concentration (280 ppm). We show here the results for the world, for temperate regions (OECD + REF) and for tropical regions (ASIA + ALM). Globally, the agreement is good between our simplified land-use module using the area changes of Houghton and the carbon parameters of CASA-SLAVE, and the original Houghton calculation. The two modeled landuse emissions in Figure 2a do not differ by more than 0.2 GtC/yr at any period of the interval 1700 -1990. Such a difference is much smaller than current uncertainties on the land-use source reconstruction. On the other hand, our model systematically underestimates by 0.3 GtC/yr the land-use source to the atmosphere over temperate regions between 1700 and 1960, whereas it overestimates the source by approximately the same amount in the tropics as shown in Figures 2b and 2c .
[18] To explain such differences, it should be noted that biomes at equilibrium have different carbon content in the model of Houghton as compared to our model. Indeed, the use of CASA-SLAVE parameters gives in general a greater loss of carbon from soils after land-use change than specified by Houghton, whereas for biomass, the loss is smaller in our model than in that of Houghton. Soil carbon stocks are difficult to compare between Houghton's model and our model, as depth definitions are different. In the temperate region we calculate a higher release flux from soil carbon X -4 due to land-use than in the Houghton model, but this effect is more than compensated by the fact that the biomass of temperate forests is higher in the Houghton model (13.5 kg/ m 2 ) than in our model (7.4 kg/m 2 ), leading overall to a smaller emission curve as compared to Houghton's. In the tropics, forest biomass in the Houghton model (15 to 25 kg/ m 2 ) is also higher than in our model (15 kg/m 2 ). This difference does not compensate for the discrepancy in the soil carbon stocks change, leading to slightly greater emissions in our model than in Houghton's for this region as shown in Figure 2c .
Components of the Historical Carbon Budget
[19] Over the period 1700 -1990, we run the model forced with fossil CO 2 emissions and land-use areas change in ha/yr from Houghton. The model hence directly computes the net land-use source (Appendix C), the biospheric uptake due to time lag between increase of NPP and increase in heterotrophic respiration, the ocean sink (Appendix A) and the resulting atmospheric CO 2 concentration. Figure 3 shows all the components of the carbon budget through time and the pertaining atmospheric CO 2 curve.
[20] We calculate a rise in atmospheric CO 2 between the preindustrial period and the present of 73.7 ppm, close to observed (75.4 ppm). This result corresponds to a b factor of 0.4 in equation (2), our control value of this parameter. The simulated rate of increase of CO 2 after 1970 is very close to the observation. It is, however, lower than observed between 1800 and 1970, yielding to an underestimate of the atmospheric CO 2 values by 10 ppm over that interval. It should be noted that using a single value of b tuned to match the contemporary budget proves generally difficult to reproduce the curvature of the atmospheric CO 2 history, as noted by [Friedlingstein, 1995; Friedlingstein et al., 1995] . In addition to CO 2 fertilization, nitrogen deposition on ecosystems over industrialized continents, and variability in climate might contribute to modulate the uptake of carbon by the biosphere [Cannell, 1999] . Recent model runs by McGuire et al. [2001] indicate that the effects of climate trends and variability over the past century are unclear, and can result either in an extra source or in an extra sink of atmospheric CO 2 depending on which terrestrial biosphere model is used. Similarly, variability or shifts in the ocean circulation, not accounted for in our model, could be responsible for the mismatch. It remains also possible that both Houghton's and our calculation of the land-use source is underestimated over 1800 -1970, as recent new estimations made by Houghton [2002] and House et al. [2001] suggest.
[21] Table 2 compares the carbon balance for the 1980s as resulting from the model and as estimated in the IPCC -TAR [Prentice, 2001] . In the period 1980 -1989, the global ocean uptake is of 2.01 GtC/yr, in agreement with the IPCC-TAR estimates (Table 2) .
[22] The biosphere is quasineutral (source of 0.21 GtC/ yr), indicating that land-use emissions are approximately in balance with biospheric uptake elsewhere. This result is in agreement with the IPCC-TAR carbon budget for the 1980s but not for the 1990s where the biosphere is a much stronger net sink [Prentice, 2001] . In fact, the observed enhanced biospheric uptake in the 1990s reflects the impact of climate variability, in particular the cooling of Northern Hemisphere [Dutton and Christy, 1992] , an effect which is not present in our model. Regarding the cumulated stocks changes since the preindustrial times, our model gives values in very close agreement with those of the IPCC special report on LULUCF [Bolin and Sukumar, 2001] within their error bars, a result that is of course dependent on our setting of the b factor.
Land-Use Future Scenarios
[23] For the period 1990 -2100 several integrated assessment models have been run in the IPCC Special Report on Emissions Scenarios (IPCC-SRES) to predict changes in land-use areas and CO 2 fluxes [Nakicenovic et al., 2001] . We forced our model with both fossil-fuel emissions and land-use areas changes (in ha/yr), using data from the IMAGE 2.2 model IPCC-SRES scenarios A1F, A2, B1, B2, for the four considered world regions [Bollen et al., 2001] . To be consistent with the historical period, we assumed that the loss in forest area yields to croplands, and that the gain in forest area occurs to the detriment of grasslands. Note that the IMAGE 2.2 scenarios already result from an integrated assessment approach, hence the variations in forest area might contain a part due to climate change. This part is likely marginal compared to anthropogenic land-use changes as evidenced by the correlated evolution of agricultural and forest biomes.
[24] Since the IMAGE 2.2 scenarios data used here do not distinguish between tropical, temperate, and boreal forest clearing within each region, we made the reasonable hypothesis that the ratio in the conversion of any pair of different types of biomes stays constant equal to the Houghton's historical average ratio. Note that there is an inconsistency in the total area that is modeled to be subject to land-use change by 1990 between Houghton and IMAGE 2.2. To overcome this problem, we apply only the rate of change in areas from IMAGE 2.2 to enter into the future after 1990, thus obtaining continuity from our historical curves. Given the IMAGE 2.2 land-use conversion estimates, we calculated forward future land-use areas using the initial 1990 areas as obtained in our model. On this basis, we can draw the CO 2 fluxes from and to all reservoirs in the fully interactive model up to 2100.
[25] The historical figures of land-use induced fluxes in IMAGE 2.2 are remarkably lower than those of Houghton. In the interval 1970 -1990 for which there is an overlap in the two models, IMAGE 2.2 gives a land-use source of 1.06 GtC/yr, to be compared to 1.77 GtC/yr in the Houghton model for all land-use activities. This difference is even more surprising in that IMAGE 2.2 estimates a loss of forest area during 1970 -1990 of 168 M ha, whereas Houghton gives 110 M ha, net of 40 M ha of afforestation. It thus seems that IMAGE 2.2, at comparable deforestation rates, produces a smaller land-use source than either Houghton or our model. For instance, in scenario A2, this feature is reflected in a land-use source of 3.6 GtC/yr by 2100 in our calculations, against 2.1 GtC/yr in IMAGE 2.2. It is in fact possible that IMAGE computes area changes over biomes whose characteristics (soil and biomass carbon stocks) are different than both in our model and in Houghton's. The difference is probably due to the fact that IMAGE's vege-tation distribution is not based on observations or measures, but computed [Alcamo et al., 1998 ].
Results
[26] Our modeling approach enables us to quantify the effects of land-use change on atmospheric CO 2 in the future and over the historical period. Primarily, just like for fossil fuel burning, the obvious impact of land-use change is to increase atmospheric CO 2 , as implied by the loss of forest biomass and soil carbon when new croplands are established. Second, we show that an additional effect called here ''land-use amplifier'' yields an extra increase of CO 2 because land-use change also acts to diminish the sink capacity of the terrestrial biosphere by decreasing the residence time of carbon when croplands have replaced forests. Third, the extra increase of CO 2 gets limited because any additional increase of CO 2 resulting from the land-use amplifier effect stimulates the carbon uptake both by the oceans and by undisturbed ecosystems subject to CO 2 fertilization.
[27] In order to quantify the land-use amplifier effect, we carried out three simulations over the 1700-2100 period for each of the IPCC-SRES scenarios. The first experiment, called E1, is a standard model run where land-use induced CO 2 fluxes are computed interactively with the ocean and biospheric sinks, as driven by fossil fuel emissions and land-use area changes. Thus, E1 contains all the effects. The second experiment, called E2, inhibits the effect of reduced residence times as in E1. In E2, a land-use source identical to the one of E1 is injected into the atmosphere, with the terrestrial biosphere being kept to its preindustrial biome areas. In other words, in E2, the land-use source is treated as fossil fuel emissions, as done in former IPCC-TAR calculations. One can anticipate that, in experiment E2, the terrestrial biota is more efficient in absorbing CO 2 than in E1, so that in fine, the atmospheric CO 2 concentration level will be lower. The third experiment, called E3, disables the additional sinks created by the extra rise in CO 2 due to the interactive treatment of land-use in E1. In E3, land-use change occurs as in E1, but the ocean and the terrestrial biosphere ''see'' the atmospheric CO 2 trajectory computed in E2. One can anticipate that in E3 the atmospheric CO 2 level will be the highest of all.
[28] The E1-E2 difference accounts for the overall landuse amplifier magnitude: It shows how the E2 CO 2 concentration curve is modified when including land-use interactively. The E3-E2 difference shows how the E2 CO 2 , calculated as in IPCC-TAR, would maximally underestimate the future atmospheric CO 2 level.
Land-Use Amplifier Effect for IPCC-SRES Scenario A2
[29] Here we analyze the effect for the IPCC-SRES scenario A2, with land-use change areas given by IMAGE 2.2 [Bollen et al., 2001] . The A2 scenario reflects a future heterogeneous world with high regional disparities of income and high population growth in some regions, implying that natural resources are more depleted than in other IPCC-SRES scenarios [Nakicenovic et al., 2001] . This scenario predicts a loss of forest area of 1180 M ha between X -6 1990 and 2100, to be compared with the 929 M ha already lost between 1700 and 1990 according to Houghton (this latter figure including conversions to pastures and shifting cultivation).
[30] It is seen in Figure 4 that for scenario A2, atmospheric CO 2 reaches up to 882 ppm by 2100 in the ''standard'' experiment E1. That is 46 ppm higher than in experiment E2 where land-use is treated as an ''external source'' such as fossil fuels and where the terrestrial biomes have preindustrial areas. On the other hand, in experiment E3, the atmospheric CO 2 by 2100 is higher than in E1 by 22 ppm.
Net Amplifier Effect
[31] The E1-E2 difference in Figure 4 is explained mostly by a less efficient biospheric sink in E1 where the carbon residence time is reduced over ecosystems affected by landuse change as compared to E2 where the biosphere state is preindustrial. The preindustrial global average residence time of carbon in the biosphere, in our model, is of 34.3 years. In experiment E1, by 2100, this value gets reduced to 30.0 years. Table 3 summarizes the partitioning of the carbon budget between atmosphere, ocean and the different biomes for all experiments. In terms of net fluxes, the difference E1-E2 is due to a weaker uptake of anthropogenic CO 2 in E1 (1.76 GtC/yr by 2100), partitioned into a reduced land uptake of 2.05 GtC/yr and an enhanced ocean uptake of 0.28 GtC/yr. In terms of cumulated fluxes, the positive net amplifier effect puts 98 GtC more carbon in the atmosphere. This value is the sum of 124.7 GtC not being absorbed into the biosphere and 27 extra GtC being absorbed by the ocean in E1 as compared to E2 as in Figure 4b . The relative difference (E1-E2)/E1 is equivalent to a 24% smaller global biospheric cumulated sink in E1, which represents 6.6% of the preindustrial stocks (see Table 3 ).
[32] In experiment E2, the relative proportion in the living biomass stock goes up from 36.0% in 1700 to 37.3% by 2100. This indicates that the sequestration of anthropogenic carbon is partitioned in the vegetation and in soils close to the preindustrial ratios. On the other hand, in experiment E1, the fraction sequestered in the vegetation diminishes to 32%, mainly because of the establishment of agricultural land instead of former forests, which does not allow for the formation of important biomass stocks. As expected, the ecosystems that benefit most of being fixed to their preindustrial area in E2 are tropical forests: Tropical forests alone accounts for 110 GtC of the enhanced biospheric cumulated uptake in E2 as compared to 22 GtC for temperate forests. Interestingly, boreal forests which remain quasiundisturbed in the A2 scenario gain 3 GtC less carbon in E2. In other words, boreal forests are less efficient in E2 than in E1 to take up carbon simply because of lower atmospheric CO 2 .
[33] In summary, over the period 1700-2100, the biosphere, sum of land-use sources and terrestrial sinks elsewhere, acts as a global net source in E1 (cumulated +22 GtC), and as a global net sink in E2 (cumulated À102 GtC). At face value, the ocean is more efficient in E1 (658 GtC sink) than in E2 (632 GtC sink). Thus, it can be seen that overall, the role of the biosphere explains most of the E1-E2 difference.
Maximal Amplifier Effect
[34] In E1, as compared to E2, the pristine terrestrial biosphere is being depleted, but the remaining part and the oceans, are however more stimulated by atmospheric CO 2 . E3-E1 hence quantifies this ''compensating'' role of sinks in the net land-use amplifier effect. In E3, everything happens as in E1, except that the ocean and the terrestrial biosphere ''see'' the E2 atmospheric CO 2 concentration. So, in E3, the biosphere does not profit from the additional atmospheric CO 2 found in E1 due to interactive treatment of land-use. In terms of cumulated fluxes, this translates into 22.7 GtC less carbon sequestered on land in E3 as in E1. The oceanic uptake in E3 is equal to the one in E2 because of being calculated from the same CO 2 trajectory. E3-E2 gives the maximum value that land-use amplifier effects can induce. In terms of atmospheric CO 2 , E3-E2 consists of 68 ppm by 2100, which implies that treating land-use as issued from an ''external'' reservoir such as fossil fuel emissions may underestimates the atmospheric CO 2 concentration by that amount, when the carbon cycle is operating at constant climate.
Comparison Among the Four IPCC-SRES Scenarios
[35] We now compare the land-use amplifier effect for the four different IPCC-SRES scenarios A1F, A2, B1, and B2, in Table 4 . The emission scenarios are shown in Figure 5 together with our calculated land-use emissions. It is seen that A1F has the highest cumulated (1700 -2100) fossil fuel GITZ AND CIAIS: AMPLIFYING LAND-USE EFFECTS ON ATMOSPHERIC CO 2 LEVELS X -7 emissions (2298 GtC) whereas B1 has the lowest ones (1212 GtC) by 2100. Regarding land-use, we calculate the highest cumulated source to the atmosphere using the A2 areas (543 GtC) and the lowest source using the B1 areas (62 GtC). In terms of atmospheric increase, the maximum level of atmospheric CO 2 is reached by 2100, ranging 500 ppm in B1 and 882 ppm in A2. Those numbers reflect primarily varying input of fossil fuel through time between 1700 and 2100 according to the different scenarios.
[36] The land-use induced net amplifier effect (E1-E2) on atmospheric CO 2 is the highest in A2 (46 ppm) and the lowest in B1 (13 ppm). The relative decrease in cumulated land uptake (E1-E2)/E1 varies between À12% and À24% among scenarios. The compensating role of sinks in the amplifier effect (E3-E1) is the highest in scenario A2 (22 ppm) and the lowest in B1 (15 ppm). This suggests that whatever the magnitude of the land-use source, large in A2 and small in B1, undisturbed ecosystems and the oceans always act to absorb a fraction of the additional atmospheric CO 2 present in E1 as compared to E2. This re-absorbed fraction is not negligible in comparison to the cumulated land-use source: 9% in A2 against 14% in B2, 34% in A1 and 51% in B1, showing the even importance of the role of sinks in ''low intensity'' scenarios. However, this important In experiment E2, land-use emissions are treated identically to fossil fuel ones and therefore are included under the fossil emission totals. negative ''feedback'' might not exist in the future if the ocean and terrestrial sink were to be less efficient for other reasons (climate change, ocean circulation, etc.).
[37] All scenarios, except A2, have the peculiarity of stopping deforestation at around 2030 (Figure 5d ), with land-use change inducing a net sink hereafter (Figure 5b ). It should be noted that afforested lands are included within the land-use flux and not in the biospheric sink in Figure 5b . In all scenarios, the terrestrial sink over undisturbed ecosystems saturates by the end of the 21st century, and even diminishes, except in A2, as implied by a lower increase in atmospheric CO 2 (equations (1) -(3)). Under approximately the same atmospheric CO 2 trajectory as A2, scenario A1F has a land-use amplifier effect of 32 ppm which is quite important despite massive afforestation. Even if by 2100 under this scenario, forests have regained their 1700 extent, what determines the E1-E2 difference in this case is largely the destruction of forests that already took place in the past prior to 2100. In other words, in order for the land-use amplifier effect E1-E2 to be lowered by afforestation, this practice has to take place early enough so that a largest amount of carbon can be effectively sequestered into land ecosystems. It is also apparent in Figure 5a that there is a delayed effect in the E1-E2 difference, which appears by year 2000, after important land-use changes already happened and CO 2 rose significantly. The magnitude of E1-E2 is primarily dependent on the initial signal which is the rate of increase in atmospheric CO 2 . It is only once atmospheric CO 2 has begun to rise significantly that it appears preferable for limiting the greenhouse effect to have maintained undisturbed forests (E2) rather than to have deforested them (E1). This advantage of preserving undisturbed forests might be conserved in the future as long as CO 2 continues to rise or as long as early afforestation is not implemented. In summary, among all scenarios, the land-use effects are sensitive first to the rate of increase of atmospheric CO 2 , second to the initial state of the biosphere when atmospheric CO 2 begins to rise significantly, and third to future land-use scenarios which can either enlarge or inhibit the terrestrial sink.
[38] The fact that land-use change amplifies the atmospheric CO 2 concentration means that 1 GtC emitted via land-use contributes to atmospheric CO 2 increase more than 1 GtC of CO 2 emitted via fossil fuel burning. Table 5 quantifies this extra contribution of land-use change emissions to atmospheric CO 2 rise, that can be as high as 70% for A1. Inspection of the E1 and E2 experiment results for all scenarios further indicates that the airborne fraction, defined as the ratio of atmospheric increase to the cumulated fossil fuel emissions, is between 6 and 8% higher when the land-use effects are accounted for (E1) than when not (E2) in the considered scenarios. This effect would not show up in models, which consider the biosphere as undisturbed for its sink capacity, and by doing so treat land-use emissions such as fossil fuels. This shows the importance of an integrated approach to deal with land-use induced fluxes and the future CO 2 prediction.
Sensitivity Analysis to Key Parameters for Scenario A2
[39] As described by [Thompson et al., 1996] , we can characterize the biosphere response to an atmospheric CO 2 increase by mainly three parameters: the rate of increase of NPP with time, described here by a logarithmic b factor, the turnover time of carbon in the vegetation and soils, and the initial, preindustrial, NPP of the different biomes. We analyze below the sensitivity of the land-use carbon effects to each of the three above parameters. We take scenario A2 as an illustration. Figure 6 shows that the net amplifier effect E1-E2 increases with increasing preindustrial NPP and with increasing b. This is due to the fact that higher preindustrial NPP and higher b, or any combination of both, stimulate the sequestration by undisturbed ecosystems of an excess of carbon lost by land-use processes [Kicklighter et al., 1999] .
[40] Considering the role of global residence time, our model has a preindustrial global average turnover of 12.8 years in the vegetation and 21.5 years in the soils, yielding a 34.3 years average value. In order to change these turnover times of carbon in this sensitivity study independently of NPP t=0 , we varied the specific respiration rate d and mortality rate m in biomass in proportion of their preindustrial values. By doing so, we kept constant the ratio of turnovers in soils to the ones in vegetation but modified the global turnover of terrestrial carbon. Figures 6a and 6b show E1-E2 as a function of the triad global turnover time, b factor and preindustrial NPP. It is observed that when the turnover time increases, the immobilization of an excess carbon into the land biota lasts longer, and therefore a larger fraction of the land-use source gets reabsorbed within undisturbed ecosystems. The contribution of the ocean to the net landuse amplifier effect is contained in Figure 6 and is of opposite sign than the one of the biosphere, but we have shown in section 3.1.1 that the biosphere exerts a dominant control on the net effect.
Discussion
[41] In this work, only two mechanisms and their interactions are considered in controlling the role of the land biosphere on future CO 2 levels. Those two mechanisms are on the one hand CO 2 fertilization, which makes NPP increase in excess to respiration, and on the other hand the reduction of turnover times inducing a reduction in terrestrial sinks in response to deforestation. Those two effects oppose each other, and we have shown that significantly higher atmospheric CO 2 levels can be modeled by 2100 when land-use emissions are not treated as an external source such as fossil fuel use. This amplifying land-use The ''effective contribution of land-use change'' is the difference between the two. ''The fossil-equivalent'' contribution of land-use change is equal to the atmospheric increase in E1 multiplied by the part of land-use emissions in the total anthropogenic emissions. Figure 6 . Amplifier effect defined by the difference in atmospheric CO 2 between E1 and E2 (a) to the b factor value versus the preindustrial NPP value. (b) Sensitivity to the b factor value and to the global turnover time of carbon on land.
X -10 effect depends on the parameters controlling the uptake of carbon on land: b, turnover, initial NPP, and on the emission scenario. It can be as high as 46 ppm additional CO 2 in the highest emission scenario. We have also shown that when atmospheric CO 2 increases in response to the conversion of forests to croplands, part of the resulting emissions end up being re-absorbed by oceans and by undisturbed ecosystems. If the remaining undisturbed tropical, temperate and boreal forests are still efficient in the future to take up CO 2 , they will partly offset the effect of land-use changes in the tropics, but this ''land-use induced'' extra fertilization effect is probably limited (see Table 3 , partitioning of the terrestrial uptake, last column E1-E3).
[42] In our model, a future ''translocation'' of carbon takes place between disturbed tropical pools and undisturbed pools elsewhere. At face value, if CO 2 fertilization is not as strong as previously thought over temperate and boreal forests [Caspersen et al., 2000; Schimel et al., 2000] , or if the mechanisms responsible for the current biotic or oceanic sink happen to saturate in the future, then we will not benefit from this ''buffering'' of the land-use amplifier effect. In response, CO 2 will be even higher, and we estimated using the E3-E2 difference, that in such a ''worst case,'' atmospheric CO 2 can be 28 ppm (B1) to 68 ppm (A2) higher as compared to the current treatment of landuse in IPCC-TAR. For scenario A2, the uncertainty due to the model's parameters on the E3-E2 difference is on the order of ±30 ppm. Thus, the uncertainty on the model's internal parameters is as high as the differences implied by various scenarios in estimating the land-use amplifier effect. It is worth noting that the land-use carbon amplifier effects are still lower in magnitude than the climate-carbon feedbacks estimated by coupled climate-carbon cycle studies [Friedlingstein et al., 2001; Dufresne et al., 2002; Cox et al., 2000] . Integrated assessment models such as IMAGE may contain the effects that we found here, but they did not attempt to identify them separately and evaluate their magnitude.
[43] Associated with the loss of forests occurs a reduction of carbon turnover times in ecosystems. But there are also possibilities of managing the turnover of carbon affected by land-use change. Firstly, part of the biomass removed from forests is used in wood products pools of various decay times (see section 2.1.3) which in fine also are released as atmospheric CO 2 . Thus, by managing the fate of wood products, humans can shorten or lengthen the turnover of terrestrial carbon, and consequently reduce or enlarge landuse effects. To check on this, we repeated E1 and E2 simulations assuming in a ''long-lived wood'' case that the wood products issued from deforestation after 1990 are piped into a 100-year linear decay pool and in a ''shortlived wood'' case that the harvested wood is all returned to the atmosphere within 1 year. In the ''long-lived'' test, atmospheric CO 2 in E1 is lower by 38 ppm than in the ''short-lived'' test (see Table 6 ). This indicates that the management of wood products coming from deforestation has potentially a large impact on atmospheric CO 2 .
[44] A second management option concerns the establishment of croplands: The NPP of croplands is almost entirely manipulated by agricultural practices (fertilizer addition, species selection, irrigation, tillage, harvest of a large fraction of NPP which is not delivered to the soil) so that the impact of rising CO 2 alone on crop productivity might play only a minor role in increasing the carbon sinks over croplands. Future changes in agricultural practices might also contribute to enhance the turnover time of carbon in croplands. We tested a high and a low value for the residence time of cropland soil carbon: In the ''short'' case, this time is reduced from 20.8 (model average value) to 15.8 years, whereas in the long case we increased the time up to 35.8 years. A first obvious effect of increasing the residence time of carbon in croplands is to reduce substantially the land-use source following deforestation.
[45] However, the E1-E2 difference proves quite insensitive to the modifications of croplands' carbon turnover times, as shown in Table 7 . The reason for this is that the E1-E2 difference is more sensitive to croplands' NPP 0 than to croplands' turnover times.
Conclusions
[46] We have constructed an aggregated carbon cycle model in order to study the interactions between land-use change and historical and future atmospheric CO 2 levels. This model is simpler than state-of-the-art, spatially explicit, terrestrial biosphere models because it encompasses only large regions of the world, with different biomes in each. It is however more detailed than the models that are used by the IPCC to evaluate future CO 2 levels: the treatment of land-use enables us to keep track of carbon lost during In the ''long-lived'' case, wood products have a 100-year decay time against a 1-year decay time in the ''short-lived'' case. All numbers refer to the IPCC scenario A2. Cumulated Fluxes 1700 -2100, GtC Land-use emissions (E1 and E2) 604 507 Terrestrial uptake (E1) À531 À513 Terrestrial uptake (E2) À658 À637
E1ÀE2 Difference in Terrestrial Uptake À127 À124 GITZ AND CIAIS: AMPLIFYING LAND-USE EFFECTS ON ATMOSPHERIC CO 2 LEVELS X -11 forest conversion and of the resulting reduction of turnover times that it implies. We have shown that although the conversion of land cover change into carbon fluxes to the atmosphere remains highly uncertain, there is a net amplifying effect of land-use change on atmospheric CO 2 . This net effect was unaccounted for in former IPCC assessments, and depends on the scenario of fossil fuel emission and of land cover changes, as well as on the model parameters controlling biospheric and oceanic uptake. It translates into 20 to 70 ppm higher CO 2 levels by 2100, of the same order of magnitude, but smaller than carbon-climate feedbacks obtained from GCM studies. This effect occurs because, in response to reduced turnover times over ecosystems subject to land-use, the global biosphere becomes progressively less and less efficient to absorb anthropogenic CO 2 in the future. At face value, undisturbed, pristine forests (and the ocean) act to stabilize this supplementary amplification of atmospheric CO 2 , as their sink capacity increases when atmospheric CO 2 rises. These results suggest that there is a double benefit in keeping large stocks of forests in their pristine state, as far as those ecosystems are able to sequester atmospheric CO 2 [Schulze et al., 2000] : It prevents the land-use source [Schulze et al., 2002] and preserves the sink capacity of forested ecosystems. If carbon absorption of such pristine forests happens to saturate in the future, or is negatively affected by climate change, then the additional land-use amplifier effect alone would yield to an additional 100 ppm CO 2 at the end of the century (value obtained when the compensating role of sinks in the net effect vanishes). Efficient ''countermeasure'' to limit an increase in CO 2 pertaining to forest conversion would consist first in harvesting wood products when clearing forests, and increasing the lifetime of those products, and second in augmenting biomass export to the soil in croplands and/or residence times of carbon in cropland soils.
